It is critical to determine nitrogen use efficiency (NUE) to find to which extent higher rates of nitrogen can improve crop yield with effective management practices. Two-year field experiments were conducted to investigate yield and NUE of rice-wheat cropping system on saline-sodic soil. Treatments included were two nitrogen (N) application rates, i.e. 15% (N 115 ) and 30% (N 130 ) higher than the recommended rates for normal soil, along with gypsum at the rates of 50% (SGR 50 ) and 100% (SGR 100 ) of soil gypsum requirement. Results revealed relatively highest NO 3 -leaching for rice (161 and 145 mg L -1 ) and for wheat (97 and 93 mg L -1 ) during 2011-12 and 2012-13, respectively in N 130 + SGR 100 . In this treatment, crop yield and NUE were the highest as compared to the other combinations. This resulted in reduction of yield gap by two-fold (53% to 26%) between saline-sodic and normal soils for rice-wheat. Interestingly, N 130 + SGR 100 proved most effective during the first year, however, N 100 + SGR 100 became more profitable in the subsequent year. Pearson correlation coefficients predicted significant positive correlation (p < 0.01) of yield and NUE with soil organic matter, cation exchange capacity and infiltration rate while inverse relationship was observed with electrical conductivity, pH, CaCO 3 , and bulk density. Based on data, it is concluded that the recommended N application together with SGR 100 would be environmental-friendly and economically viable option for rice-wheat cropping system in saline-sodic soils.
Journal of Soil Science and Plant Nutrition, 2017 , 17 ( 3), [686] [687] [688] [689] [690] [691] [692] [693] [694] [695] [696] [697] [698] [699] [700] [701] arable land, and a significant part (6.67 x 10 6 ha,
i.e. 8.4%) of this total area is salt-affected which is rapidly expanding (Khan, 1998) . It is estimated that 1.6 × 10 6 ha of arable land is going out of cultivation every year due to low precipitation, high surface evaporation and irrigation with brackish water (Ghassemi et al., 1995) .
Salt-affected soils are characterized by high levels of water-soluble salts, high pH and high sodium (Na) contents which inhibit plant growth due to salt-induced water stress, specific ion toxicity, ion imbalance or nutritional disorders, oxidative stress, and hormonal imbalances (Munns et al., 2006) . In saline-sodic soils, availability and absorption of plant nutrients is severely limited to sustain high crop production due to ion interactions, especially low nitrogen (N) because of its leaching as NO 3 at high soil pH, volatilization and de-nitrification losses (Marschner, 2011) . Overall, all these factors individually or in combination with each other limit N-use-efficiency (NUE) and the extent of this limitation depends on the salinity/sodicity levels, crop types and species and soil physicochemical properties (Grattan and Grieve, 1999) .
There are a number of approaches to improve saltaffected soils, i.e. leaching to flush salts from root zone, application of chemical amendments and phytoremediation (Feizi et al., 2010) . The reclamation of saline-sodic soils using gypsum (CaSO 4 .
2H 2 O), CaCl 2 , with or without organic manures is cost-effective and easy to implement (Makoi and Verplancke, 2010) . Gypsum application improves the physical, chemical and biological properties of saline-sodic soils ultimately enhancing crop production on sustainable basis (Walia and Dick, 2016) . Calcium (Ca) from gypsum in salinesodic soil decreases volatilization loss of ammonium (NH 4 + ) from the applications of NH 4 NO 3 , (NH 4 ) 2 CO 3 , (NH 4 ) 2 SO 4 or ammonium phosphates fertilizers (Arshad, 1999) . Moreover, Ca decreases soil pH by reacting with (NH 4 ) 2 SO 4 produced during the urea hydrolysis to form CaCO 3 and (NH 4 ) 2 SO 4 . Since (NH 4 ) 2 SO 4 is stable and slightly acidic product, therefore, it reduces NH 3 loss to the atmosphere (Arshad, 1999) .
Increased N application compensates the yield reduction due to increasing levels of exchangeable Na percentage when soil physical properties are not a limiting factor in plant growth (Havlin et al., 2005) . Increased uptake of Ca 2+ and Mg 2+ , and decreased uptake of Na + by plants resulting from the application of additional N were responsible for the greater response to N at high exchangeable Na + levels. Thus, it appears that the beneficial effects of additional N application on crop growth in saline-sodic soils can be attributed to more than one mechanisms. Abdelgadir et al. (2010) reported that N applied to saline-sodic soil partially alleviates the adverse effects of salinity on photosynthesis, respiration, N fixation and carbohydrate metabolism through enhanced leaf surface area help in enhancing the salt tolerance of plants mainly through growth dilution effect (it distributes the salt concentration in increased surface area thereby reducing salt concentration over a large area).
A number of studies have demonstrated that soil salinity/sodicity reduced N absorption by plants especially by decreasing NUE. It is hypothesized that increased N fertilizer application may improve net N uptake and ultimately the crop yield. Hardly any information exists that adding N fertilizer at levels higher than recommended rates in saline-sodic soil can improve crop production, environmental health and economic benefit. Therefore, this work aims to determine the effect of gypsum application on NUE in saline-sodic soil in rice-wheat cropping system. 
Materials and Methods

Experimental set-up and treatments
Two
Physico-chemical analysis of soil
Composite soil samples from 0-15 cm and 15-30 cm soil depths were drawn from each plot before and after harvest of the subsequent crops. Before analysis, soil samples were air-dried and ground to pass through a 2 mm sieve for homogenization. Thereafter, samples were analyzed for pH s , EC e , soluble cations (Na
) and anions (CO 3 2-, HCO 3 -,Cl -, SO 4 -, NO 3 -) following the methods described by Estefan et al. (2013) . The EC e and pH s were determined in saturated paste extracts and saturated soil paste, respectively.
Particle-size analysis was carried out by hydrometer method (Rowell, 2014) . The gypsum requirement of the saline-sodic soil was determined following the protocol described by Ghafoor et al. (2004) , and was applied according to the treatment plan. The amount of gypsum of saline-sodic soil was 5.18 Mg ha -1 and was well mixed with cultivator and wooden roller driven by tractor in the top layer of soil before planting the first rice crop (July 2011).
Rice and wheat crop husbandry
Each year, only one crop of rice and wheat was grown. During the first year, rice (Oryza sativa L., 
Leachate collection
Ceramic cups were installed at a 60 cm depth for leachate collection before the transplantation of first rice crop. These cups were installed randomly in the plots (2 m away from the borders). All holes were initially augured at a 65 cm depth, a slurry of fine sand was then poured into the auger hole and ceramic cups were 2013. Average range of temperature, relative humidity, evapotranspiration and total rainfall received during growing seasons are given in our previous study (Murtaza et al., 2017) .
Statistical analysis
Before performing analysis of variance (ANOVA), the data were tested for normality of distribution and homogeneity of variance. Significant differences in physicochemical parameters of rice and wheat were examined using ANOVA. All the data were statistically analyzed using computer software 'Statisix 8.1'. The significant differences between the treatment means were compared using least significant difference (LSD) test at 5% probability level (Steel et al., 1997) . For physicochemical parameters, the value of the Pearson correlation coefficient (r) was calculated at p ≤ 0.05.
Results
Chemical properties of salt-affected soil during crop growth
Before Effect of N and gypsum application rates on paddy yields in saline-sodic soil, where (C) no fertilizer and no gypsum, (N 100 + SGR 50 ) recommended N + gypsum at 50% SGR, (N 130 + SGR 50 ) 30 % higher N than recommended N fertilizer + gypsum at 50 % soil SGR, and (N 100 + SGR 100 ) recommended N + gypsum at the rate of 100 % SGR, and (N 130 + SGR 100 ) 30 % higher N than recommended N fertilizer + gypsum at 100% SGR. Fisher's LSD test (p ≤ 0.05) was performed. Treatments which were not significantly different from one another are illustrated with same letter on the columns. SGR=Soil Gypsum Requirement 
Wheat
Significant increase in wheat yield was observed in both the years (2011-12 and 2012-13) . Among the treatments, the highest wheat grain yield of (3.12 t ha -1 )
during 2011-12 and 3.53 t ha -1 during 2012-13 was obtained for N 130 + SGR 100 but it did not differ from treatment N 100 + SGR 100 (Figure 2 ). Overall, it was observed that treatment N 130 + SGR 100 performed better for grain as well as straw yield. Yield (t ha -1 ) C N100+SGR50 N130+SGR50 N100+SGR100 N130+SGR100
Agronomic use efficiency and nitrogen use efficiency
The agronomic use efficiency (AUE) was the highest with N 130 + SGR 100 treatment while it was the lowest with N 100 + SGR 50 during both years of rice (2011-12) ( was observed at control treatment ( Figure 3 ).
In second leachate, a significant decrease in leached NO 3 -contents was observed with all applied rates of N compared to the first leachate. An increase in leached NO 3 -contents observed during third and fourth leaching seems due to the improvements in infiltration rate (IR) and hydraulic conductivity (HC) of soil with the use of gypsum.
In fifth leachate, the lowest NO 3 -concentration was observed with control treatment and the greatest was with N 130 + SGR 100 treatment. The effect of gypsum and N application rates on NO 3 -leaching in saline-sodic soil during the wheat cropping (2011-12) is shown in Figure 3 . The high- while the minimum N leaching occurred with the control treatment during rice-wheat crop production. 
Nitrogen uptake by rice and wheat crops
The effect of gypsum and N application rates on N uptake by rice (paddy and straw) and wheat (grain and straw) in both years has been presented in Table 3 . In both years, the highest N uptake was recorded at treat- ) of wheat and rice on salt-affected soil, where (C) no fertilizer and no gypsum, (N 100 + SGR 50 ) recommended N + gypsum at 50% SGR, (N 130 + SGR 50 ) 30 % higher N than recommended N fertilizer + gypsum at 50 % SGR, and (N 100 + SGR 100 ) recommended N + gypsum @ 100 % SGR, and (N 130 + SGR 100 ) 30 % higher N than recommended N fertilizer + gypsum at 100% SGR.
* Treatments differed significantly at p ≤ 0.05.
Pearson correlation between physicochemical properties of soil and yield parameters
Data showed inverse relationships between EC, pH, SAR and CaCO 3 with grain and straw yield (p ≤ 0.01) while CEC and OM correlated positively with the yield at 5% level of significance (Table   4) . With respect to bulk density (BD), the highest significant values of correlation coefficient (r) were observed with grain and straw yield i.e. 
Economic evaluation
The practical economics of the experiments were calculated using the market prices of common and variable inputs while toll prices of rice and wheat (Table 5 ). The agriculture on degraded and poor soils is generally less attractive because of high initial cost for soil reclamation. The gross income
was maximum with addition of N 130 + SGR 100 . The yield gap between the salt-affected and normal soil decreased from 53% to 26% at N 130 + SGR 100 .
While, benefit cost ratio estimation revealed that rice-wheat cropping system is profitable with treatment N 100 + SGR 100 as compared to other treatments (Table 5) . However, investment is profitable in rice-wheat production at N 100 + SGR 100 since an investment of 1 PKR, it gains 2.15 PKR with net return of 1.15 PKR. It is encouraging to note that the cost of treatments has been recovered from the first crop, while in subsequent year; treatment N 100 + SGR 100 became more profitable.
Discussion
Nitrogen cycling in soil-plant system is very dynamic and complex due to climatic, soil, and plant factors and their interactions (Fageria and Baligar, 2005) . The fraction of the applied N not taken up by plants is vulnerable to loses by volatilization, denitrification and leaching. The NUE can be increased by improving uptake efficiency of the N inputs, thereby minimizing the aforementioned losses and potentially reducing environmental risks (Ladha et al., 2016; Ortega et al. 2016) . Adoption of new management strategies, such as cropping systems, affects C/N ratio, and organic and inorganic pools of N in the soil. In this study, during rice growth, submerged soil having high leaching fraction (LF) promoted desalination and desodication of calcareous soils due to valence dilution, in-situ mineral weathering and root action (Jenny, 2012) . The decrease in pH s at N 100 + SGR 100 could be attributed to supply of Ca 2+ followed by leaching of Na + salts below 30 cm soil layer in saline-sodic soils (Table   1) . However, at 0-15 cm soil depth during rice crop, NH 4 + along with gypsum may decrease pH s , increase leaching, permeability, macro porosity and flocculation, lower bulk density and reduce surface crusting (Rengasamy, 2010) Table 5 . Economics of applied treatments for rice and wheat (two each) crops from salt-affected soils, where (C) no fertilizer and no gypsum, (N 100 + SGR 50 ) recommended N + gypsum at 50% SGR, (N 130 + SGR 50 ) 30 % higher N than recommended N fertilizer + gypsum at 50 % SGR, and (N 100 + SGR 100 ) recommended N + gypsum @ 100 % SGR, and (N 130 + SGR 100 ) 30 % higher N than recommended N fertilizer + gypsum at 100% SGR.
Pak Rs=Pakistani rupees
Benefit Cost Ratio = TR/TC, TR mentions the total revenue, which properly analyzed as the benefit generated through rice-wheat production. TC remarked as the total cost appropriately evaluated as the total expenditures of rice-wheat cultivation.
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The crop NUE is controlled by N uptake and assimilation. Nitrate taken up by plant roots is assimilated in the roots while its major part is transported to the shoots where it is transformed to NH 4 + in the cytoplasm (Lam et al., 1996) . Ammonium ions in the solution are generally bound to negatively charged soil surfaces and transported to surface water bodies through runoff, whereas excessive NO 3 --N is leached from vadose zone to the phreatic zone, thereby contaminating the water in aquifers (Howden et al., 2013 : Na + ratios in the soil solution (Murtaza et al., 2009 ). The broadcasting of gypsum along with N has a greater potential to decrease the soil salinity, resultantly, increased rooting depth and uptake rates of N, P, K, Ca, Cu and Mn. Decline in soil alkalinity usually leads to deeper rooting, and higher water and N uptake by plants (Fageria and Baligar, 2005) . The N dose is directly related to the rice crop yield as the N requirement of rice crop depends upon the targeted yield (Prasad, 2006) During wheat cropping in 2012-13, the highest AUE with N 100 + SGR 100 on saline-sodic soil could (Table 1) . The relationship between N dose and paddy yield was significant ( Figure 1 ) and showed that yield increased with increasing N dose up to a certain level and thereafter, at constant rate with subsequent dose of N (Singh et al., 2010) . The NUE decreased with increasing N dose which is consistent with the diminishing law of return. Excessive application of N in rice increased leaching losses due to heavy irrigation requirements of rice which has detrimental impacts on the diversity and functioning of non-agricultural bacterial and plant ecosystems (Galloway et al., 2013) . The Ca ions decrease the soil pH by precipitating carbonates and by forming a complex Ca-soil replacing Na + and ultimately leaching the Na + from root zone. Calcium also improves the N uptake by plant roots especially when the plants are young, and preserves the structural and functional integrity of plant membranes, stabilizes cell wall structures, regulates ion transport and controls ion exchange behavior as well as cell enzyme activity (Läuchli and Grattan, 2007) . which not only decreases fertilizer use efficiency but also contaminates groundwater reservoir (Boufekane and Saighi, 2015) . During rice crop of 2012, an increase in leached NO 3 -contents observed during third and fourth leaching seems due to the improvements in IR and HC with the use of gypsum (Gharaibeh et al., 2009 ) by aggregating soil particles. Increased aggregate stability in gypsum amended soils suggests formation of strong bonding involving Ca 2+ bridges (Bronick and Lal, 2005 Lymphoma (Ward et al., 1994) .
Although the highest yield was obtained when 30%
extra N was applied with 100% gypsum addition and the benefit cost ratio was also better, nevertheless considering highest NO 3 leaching it cannot be recommended. The treatments N 100 + SGR 50 and N 100 + SGR 100 produced promisingly higher yield with low NO 3 leaching which seems better option for sustainable crop production (Figure 3 ).
Conclusions
The results of this study showed that the highest NO 3 -leaching for rice and wheat was observed with N 130 + SGR 100 but remained higher for wheat than for rice during reclamation of saline-sodic soil. In this treatment, crop yield and AUE were also the highest as compared to the other combinations.
Recommended and higher levels of N fertilizer increased the growth and yield of rice and wheat when applied along with gypsum. Application of higher N fertilizer (N 130 ) had maximum yield for rice and wheat, nevertheless the net returns were not economical for the latter case. Economic returns of wheat were observed at recommended dose of N along with gypsum as per reclamation requirements. All these observations led us to conclude that the treatment N 100 + SGR 100 would be environmental friendly and economically viable option for rice-wheat cropping system in salinesodic soils.
